Active populations of rare microbes in oceanic environments as revealed by bromodeoxyuridine incorporation and 454 tag sequencing  by Hamasaki, Koji et al.
Gene 576 (2016) 650–656
Contents lists available at ScienceDirect
Gene
j ourna l homepage: www.e lsev ie r .com/ locate /geneResearch paperActive populations of rare microbes in oceanic environments as revealed
by bromodeoxyuridine incorporation and 454 tag sequencingKoji Hamasaki a,⁎, Akito Taniguchi b, Yuya Tada c, Ryo Kaneko a, Takeshi Miki d,e
a Atmosphere and Ocean Research Institute, The University of Tokyo, Chiba 277-8564, Japan
b Faculty of Agriculture, Kinki University, Japan
c Faculty of Environmental Earth Science, Hokkaido University, Japan
d Institute of Oceanography, National Taiwan University, Taiwan
e Research Center for Environmental Changes, Academia Sinica, Taiwan⁎ Corresponding author at: Associate Professor Micr
Ecosystem Dynamics Atmosphere and Ocean Research In
5-1-5, Kashiwanoha, Kashiwa, Chiba 277-8564, Japan.
E-mail address: hamasaki@aori.u-tokyo.ac.jp (K. Hama
http://dx.doi.org/10.1016/j.gene.2015.10.016
0378-1119/© 2015 The Authors. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oAvailable online 22 October 2015Keywords:
Rare biosphere
Ocean
Bacteria
Bromodeoxyuridine
454 pyrosequencingThe “rare biosphere” consisting of thousands of low-abundancemicrobial taxa is important as a seed bank or a gene
pool to maintain microbial functional redundancy and robustness of the ecosystem. Here we investigated contem-
poraneous growth of diversemicrobial taxa including rare taxa and determined their variability in environmentally
distinctive locations along a north–south transect in the Paciﬁc Ocean in order to assess which taxa were actively
growing and how environmental factors inﬂuenced bacterial community structures. A bromodeoxyuridine–
labeling technique in combination with PCR amplicon pyrosequencing of 16S rRNA genes gave 215–793 OTUs
from 1200 to 3500 unique sequences in the total communities and 175–299 OTUs nearly 860 to 1800 sequences
in the active communities. Unexpectedly, many of the active OTUs were not detected in the total fractions.
Among these active but rare OTUs, some taxa (2–4% of rare OTUs) showed much higher abundance (N0.10% of
total reads) in the active fraction than in the total fraction, suggesting that their contribution to bacterial community
productivity or growth was much larger than that expected from their standing stocks at each location. An ordina-
tion plot by the principal component analysis presented that bacterial community compositions among 4 sampling
locations and between total and active fractions were distinctive with each other. A redundancy analysis revealed
that the variability of community compositions signiﬁcantly correlated to seawater temperature and dissolved ox-
ygen concentration. Also, a variation partitioning analysis showed that the environmental factors explained 49% of
the variability of community compositions and the distance only explained 4.0% of its variability. These results im-
plied very dynamic change of community structures due to environmentalﬁltering. The active bacterial populations
aremore diverse and spread further in rare biosphere thanwehave ever seen. This study implied that raremicrobes
are important as an active part of microbial communities functioning ecosystems.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Microbial activity and community structures are the keys to deter-
mine biogeochemical cycles in the ocean, which inﬂuence the structures
and functions of oceanic food chains and also the efﬁcacy of both biolog-
ical and microbial carbon pumps for natural CO2 sequestration into the
ocean from the atmosphere (Azam, 1998; Jiao et al., 2010). Therefore,
spatio-temporal variability of bacterial diversity and community struc-
tures in the ocean are one of the most fundamental research themes in
the biological oceanography. In order to have more comprehensive
views of microbial diversity in both planktonic and benthic ecosystems
in marine environments, the International Census of Marine Microbesobiology Lab., Dept. of Marine
stitute, The University of Tokyo,
saki).
. This is an open access article under(ICoMM) conducted the global survey of microbial diversity with the
use of massively parallel sequencing of 16S rRNA hypervariable regions
(http://icomm.mbl.edu). Environmental DNA and RNA samples
representing various types of ecosystems such as estuaries, oceans,
deep-water environments including vents and seeps, seamounts, corals,
sponges, microbial mats and bioﬁlms, and polar regimes were collected
from all major oceanic regions (Amaral-Zettler et al., 2010). The analyses
revealed local diversity patterns of each ecosystem (e.g. Kirchman et al.,
2010; Lloyd et al., 2010, Sunagawa et al., 2013, Galand et al., 2009). Also,
the synthetic study of globally distributed samples across different eco-
systems showed large-scale patterns in microbial communities (Zinger
et al., 2011).
The pilot study of the ICoMM project revealed unprecedented depth
of prokaryotic diversity from thousands of low-abundance populations
that had never been detectable by conventional sequencing efforts
(Sogin et al., 2006). This “rare biosphere” contained highly diverse
microbial taxa and showed long-tail distributions in their rank-the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to maintain functional redundancy and robustness of the ecosystem
(Pedrós-Alió, 2006). Recent works deeply sequencing both 16S rRNA
and 16S rRNA genes (rDNA) in natural microbial communities revealed
an activity and potential growth of rare taxa (Campbell et al., 2011;
Gaidos et al., 2011; Campbell and Kirchman, 2013; Wilhelm et al.,
2014). Positive correlation between 16S rRNA and rDNA frequencies
of most individual bacterial taxa was reported in a case of the 3-y
monthly monitoring of surface waters off the Delaware coast, suggest-
ing that the abundance was followed by activities (Campbell et al.,
2011). However, such correlation was not always observed in other
works, suggesting variable growth response of individual taxa or fre-
quent transition between active and dormant in highly ﬂuctuating envi-
ronment (Campbell and Kirchman, 2013; Wilhelm et al., 2014). Some
taxa obviously cycle between abundant and rare (Campbell et al.,
2011). Many rare taxa are disproportionately active and contribute to
maintain the high levels of microbial diversity observed in natural eco-
systems (Jones and Lennon, 2010; Wilhelm et al., 2014).
Here we investigated contemporaneous growth of diverse taxa in-
cluding rare microbes and determined its variability in environmentally
distinctive locations along a north–south transect in the Paciﬁc Ocean in
order to assess the dynamic nature of “rare biosphere”. We used
bromodeoxyuridine (BrdU), halogenated nucleoside that can serve as a
thymidine analogue, to label bacteria with de novo DNA synthesis in our
seawater samples (Urbach et al., 1999, Hamasaki et al., 2007). After the
extraction, BrdU-labeled DNA was immunocaptured from total DNA and
its PCR amplicons of 16S rDNA were employed for 454 pyrosequencing
to read the V6 hypervariable region. In this way, we compared total bac-
terial communities with DNA-synthesizing (presumably actively grow-
ing) bacterial communities including less-abundance or rare phylotypes
to assess which taxa were actively growing and whether rare taxa were
active or not. We also explored how environmental factors inﬂuenced
bacterial community structures including highly diverse rare taxa.
2. Materials and methods
2.1. Sampling and BrdU labeling
Surface seawater samples (one of each station) were taken with a
clean plastic bucket at four stations along a north–south transect in
the South Paciﬁc during the KH-04-5 cruise of R/V Hakuho-maru
(Table 1). All samples were pre-ﬁltered through a 200-μmmesh to re-
move most zooplankton, and performed further procedure within 1 h.
Eleven-liters of the pre-ﬁltered samples with BrdU (20 nM in ﬁnal con-
centration; Sigma-Aldrich, St. Louis, MO)were incubated in dark bottles
at in situ water temperature for 10 h. After incubation, bacterial cells
were collected with 0.22-μm-pore-size Sterivex cartridge ﬁlters
(Millipore, Billerica, MA) with a peristaltic pump. Immediately after ﬁl-
tration, the Sterivex ﬁlters were stored at−20 °C until further analysis.
2.2. Environmental parameters
Salinity and temperature of each site were obtained by Sea-Bird's
CTD SBE9plus proﬁler (Sea-Bird Electronics, Inc., Washington, USA).Table 1
Environmental factors, sequencing information and diversity estimates for bacteria.
Station
ID
Latitude Temp Salinity NO2 +
NO3
SiO2 PO4 Chl a Bac no.
oC PSU μM μM μM μg
L−1
105 cell
mL−1
SX27 0° 28.7 36.37 2.91 nd 0.38 0.253 9.75
SX22 20.0°S 28.6 35.13 nd nd 0.09 0.095 6.88
SX14 50.0°S 11.3 34.35 10.7 nd 0.81 0.275 10.4
SX11 64.5°S 0.3 33.83 25.8 45.6 1.5 0.854 3.42Chlorophyll a concentration was measured using Turner Design ﬂuo-
rometer after ﬁlterating on GF/F ﬁlter and extracting pigments with N,
N-dimethylformamide (Holm-Hansen et al., 1965; Suzuki and Ishimaru,
1990). Bacterial abundance was enumerated by direct counting with
the use of epiﬂuorescence microscopy (Olympus BX-51, Olympus
Corp., Tokyo, Japan) after staining with 4′,6-diamidino-2-phenylindole
(DAPI, 1.0 μg mL−1 in ﬁnal concentration; Molecular Probes, Eugene,
OR) (Porter and Feig, 1980). Nitrate + nitrite and silicate were mea-
sured by continuous ﬂow system (BRAN+ LUEBBE; AACS-II).
2.3. DNA extraction
DNA was extracted by using the xanthogenate-sodium dodecyl sul-
fate (XS) DNA extraction protocol described by Tillett and Neilan
(2000). Brieﬂy, each Sterivex ﬁlter was added about 2 mL of freshly
made XS buffer (1% potassium ethyl xanthogenate [Fluka, Buchs,
Switzerland], 100mMTris–HCl [pH 7.4], 20mMEDTA [pH 8.0], 1% sodi-
um dodecyl sulfate, 800 mM ammonium acetate) and the ﬁlter was
inverted several times to mix. The ﬁlter was incubated at 70 °C for
120 min. Following incubation, the tube was vortexed for 10 s and
then immediately placed on ice for 30min. To recover themost bacterial
DNA, these procedures were performed twice and then the ﬁlters were
washed with 1 mL of XS buffer. Cell debris was pelleted by centrifuga-
tion at 22,000 g for 15 min at 4 °C. The supernatant was transferred to
several clean 2.0-mL tubes and mixed with as equal volume of 100%
isopropanol. After incubation at room temperature for 10 min, the pre-
cipitated DNAwas pelleted by centrifugation at 22,000 g for 20min. The
DNA pellet was washed twice with 500 μL of 70% ethanol, air dried, and
resuspended in 30 μL of TE buffer. The DNA concentration was mea-
sured by Nanodrop ND-1000 ﬂuorescence spectrometer (Nanodrop
Technologies). The DNA was stored at−80 °C.
2.4. Immunocapture of BrdU-labeled DNA
Immunocapturewas performed as described by Urbach et al. (1999)
with slight modiﬁcation (Hamasaki et al. 2007). In the procedures de-
scribed below, all preparations were incubated at room temperature.
Herring sperm DNA (1.25 mgmL−1 in PBS; Trevigen Inc., Gaithersburg,
MD)wasboiled for 1min, quickly frozen in dry-ice ethanol, and thawed.
The solution wasmixed (9:1) with anti-BrdUmonoclonal antibody (di-
luted 1:10 in PBS; Sigma-Aldrich, St. Louis, MO) and incubated for
40 min. Extracted DNA samples (1000 or 500 ng) were boiled for
1 min, quickly frozen in dry-ice ethanol, and thawed. Each denatured
sample solution was mixed with 10 μL of the herring sperm DNA-
antibodymixture and incubated for 30min. Paramagnetic beads coated
with goat anti-mouse immunoglobulin G (Dynabeads; Dynal Biotech,
Oslo, Norway) were washed with PBS containing acetylated bovine
serum albumin (BSA) (1 mg mL−1; Nacalai Tesque, Kyoto, Japan),
using a magnetic concentrator. The beads were resuspended in PBS-
BSA at their initial concentration. The bead suspension (25 μL) was
mixed with each sample (20 μL). After incubation for 30 min with con-
stant agitation, the beads were washed seven times with 0.5 mL PBS-
BSA. BrdU-labeled DNA captured by the beads was eluted by adding
100 μL of 1.7 mM BrdU (in PBS-BSA) and incubating the preparationNo. of reads
(bacteria)
Unique tags
(bacteria)
Bac OTUs (~3%)
SLP/PW-AL
s Total Active Total Active Total Active
23,744 12,677 3662 900 793 299
22,334 20,340 3226 1832 649 263
25,433 20,214 2998 1770 355 190
23,120 14,801 1163 860 215 175
Fig. 1.Numbers of unique OTUs in total and active fractions (left bars), rare OTUs showing
less than 0.015% (from null to tripleton) sequence reads in abundance (middle bars) and
active OTUs among rare OTUs (right bars).
652 K. Hamasaki et al. / Gene 576 (2016) 650–656for 30 minwith constant agitation. Glycogen (2 μL; 20mgmL−1; Roche
Diagnostics, Mannheim, Germany) was added to the bead supernatant,
and theDNAwas collected by ethanol precipitation. The precipitate was
resuspended in 30 μL of water and stored at−80 °C.
2.5. 454 tag sequencing and clustering
An aliquot of eachDNAextract before the BrdU-immunocapturewas
used to analyze “total bacterial community”, and each BrdU-labeled
fraction separated by the immunocapture was used to analyze “active
bacterial community”. For all DNA extracts, the V6 hypervariable region
of the bacterial 16S rDNA was ampliﬁed using a set of PCR primers
(https://vamps.mbl.edu/resources/primers.php). PCR products were
submitted tomassively parallel tag sequencing using a 454 Life Sciences
GS FLX sequencer at the Marine Biological Laboratory in Woods Hole,
Massachusetts. Quality ﬁltering, taxonomic assignments and operation-
al taxonomic unit (OTU) clustering of sequence reads were all per-
formed by the ICoMM bioinformatics group at the MBL. Brieﬂy, low
quality sequences were removed by the procedure described by Huse
et al. (2007). The sequences were deposited in the VAMS (Visualization
and Analysis of Microbial Population Structures, https://vamps.mbl.edu/
). Our project name and dataset ID are provided in Table S1. Each se-
quence was taxonomically assigned using the global alignment for se-
quence taxonomy (GAST) pipeline developed by Huse et al. (2008). All
sequences that were not assigned to the domain Bacteria were discarded
from the analysis. Pairwise alignments and the single-linkage
preclustering (SLP) followed by average linkage clustering (PW-AL)
were used for OTU clustering and noise removal (Huse et al. 2010).
2.6. Statistical analysis
A principal correspondence analysis (PCA) (PRIMER statistical soft-
ware, ver., USA) was used to investigate the variations in the bacterial
community structure and also redundancy analysis was performed
under the constraint of environmental variables.
For all statistical analyses, the free statistical environment R was used
(R Development Core Team, 2011). The redundancy analysis (RDA) and
permutation test were both conducted using the ‘vegan’ package
(Oksanen et al., 2008). Since there are many environmental parameters,
the best model was selected by the forward selection using the function
“ordistep,” which relies on permutation P values (1999 permutations).
Due to the small sample size, unbiased variation partitioning was used
for decomposing variations of community composition explained by en-
vironmental conditions and space (Peres-Neto et al., 2006; using the func-
tion ‘varpart’ in vegan package). To calculate the community dissimilarity,
the Hellinger distance (Hi; j ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
∑
n
k¼1
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f ik−
ﬃﬃﬃﬃﬃﬃ
f jk
qr
Þ
2
s
) was used,where fik
and fjk are relative abundance of OTU k at community i and j, respectively;
this conversion can appreciate the rare groups.
3. Results and discussion
Surface seawater samples were taken at four locations along a
north–south transect in the South Paciﬁc during the KH-04-5 cruise of
R/V Hakuho-maru. The stations were located at 170°W and 65°S
(SX11), 170°W and 50°S (SX14), 170°W and 20°S (SX22), and 170°W
and 0°S (SX27). After labeling seawater microbial assemblages with
BrdU (20 nM in ﬁnal concentration), bacterial DNA was extracted and
used for PCR ampliﬁcation of their V6 hypervariable region of 16S
rDNA. The PCR amplicons were sequenced by 454 pyrosequencing
followed by clustering and taxonomic assignments for diversity
counting (Sogin et al., 2006; Huse et al., 2008). Number of total V6 tag
reads was about 170,000 sequences. Total bacterial communities
showed nearly 1200 to 3500 unique sequences,whereas active commu-
nities showed nearly 860 to 1800 unique sequences (Table 1). Thesequences clustered by 97% similarity using the SLP/PW-AL clustering
algorithm (Huse et al., 2010) gave 215–793 OTUs in the total communi-
ties and 175–299 OTUs in the active communities (Table 1). The num-
ber of OTUs showed an increase from south to north in both total and
active communities, indicating latitudinal gradient of bacterioplankton
diversity (Pommier et al., 2007; Fuhrman et al., 2008).
Unexpectedly, only 70–163 OTUs were overlapped between total
and active communities andmany of the active OTUswere not detected
in the total fractions. Some OTUs were less abundant than a detection
limit under the sequencing depth of this study, however detected in
the active fraction due to their higher growth rates than other less-
abundance taxa. The ﬁndings of active but less-abundance taxa largely
increased the count of unique OTUs at each sampling site. The number
of unique OTUs found in either total or active fraction was from 320 to
929. This result suggested that further sequencing effort enables us to
retrieve more unique OTUs than we ever had. Gibbons et al. (2013) re-
ported that as sequencing depth increases, the degree of phylogenetic
overlap between one site in the English Channel (L4-DeepSeq) and
356 datasets from the ICoMM increases. They suggested that themarine
biosphere maintains a previously undetected, persistent microbial seed
bank. The numbers of rare OTUs showing less than 0.015% (from null to
tripleton) sequence reads in abundance of each sample were 212–638
and their proportions were 66–69% of the unique OTUs. The numbers
and proportions of active OTUs among these rare OTUs were 96–136,
and the proportions were 21–50% (Fig. 1).
Rank-abundance curve of bacterial communities at four sampling
stations showed the presence of signiﬁcant number of rare taxa with a
long tail of the curve. When abundance of each OTU in the active frac-
tions was plotted beside the rank of each, a part of OTUs (indicated by
a box of dotted line in Fig. 2) were absent in the total fraction but signif-
icantly present in the active fraction, suggesting the presence of ‘active-
but-rare’ taxa. Among these active but rare OTUs, some taxa (2–4% of
rare OTUs) showed much higher abundance (N0.10% of total reads) in
the active fraction than in the total fraction, suggesting that their contri-
bution to bacterial community productivity or growth was much larger
than that expected from their standing stocks at each location. One of
the OTUs (Alpha174) identiﬁed as Rhodobacteraceae bacterium was a
tripleton in the total fraction of the SX22 but represented 321 reads or
1.5% of the total reads in the active fraction. Also, another OTU
(Beta12) identiﬁed as Massilia sp. of the class Betaproteobacteria was
even absent from the total fraction but present in the active fraction as
one of the most abundant OTU representing more than thousands
reads or 5.1% of the total reads (Table 2). Although Betaproteobacteria
are known to be a dominant and highly active group in freshwater sys-
tems but minor in seawater environments (Cottrell and Kirchman,
2004; Glöckner et al., 1999), their growth potential was reportedly
high and they had a large cell volume in natural diatom blooms in the
western North Paciﬁc (Tada et al., 2011). It was reported that the abun-
dance of the OM43 clade, afﬁliated with uncultured Betaproteobacteria,
Fig. 2. Rank abundance curve of the bacterial community at SX27. Abundance in the active
fraction is also shown at the rank of each OTU (dark gray bars). Note that a part of OTUs
indicated by a box of dotted line are absent in the total fraction but signiﬁcantly present
in the active fraction, showing ‘active-but-rare’ taxa.
653K. Hamasaki et al. / Gene 576 (2016) 650–656increased in response to a diatom bloom along the Oregon coast (Morris
et al., 2006). We also found DGGE bands identiﬁed as Betaproteobacteria
in BrdU-incorporated communities in the western North Paciﬁc
(Taniguchi and Hamasaki, 2008). There should be some taxa of
Betaproteobacteria well adapting to marine environments. It is currentlyTable 2
Taxonomy of ‘active-but-rare’ OTUs.
Station ID OTU ID Taxonomy
Class Order Family
SX11 Beta21 Betaproteobacteria Neisseriales Neisseria
Gamma1 Gammaproteobacteria Enterobacteriales Enteroba
Actino4 Actinobacteria Actinomycetales Propioni
Beta6 Betaproteobacteria Burkholderiales
Gamma19 Gammaproteobacteria Pseudomonadales Moraxel
Beta8 Betaproteobacteria Burkholderiales
SX14 Beta6 Betaproteobacteria Burkholderiales
Alpha194 Alphaproteobacteria Rhodobacterales Rhodoba
Actino7 Actinobacteria Actinomycetales Microba
Alpha89 Alphaproteobacteria Rhodobacterales Rhodoba
Gamma2 Gammaproteobacteria Enterobacteriales Enteroba
Gamma1 Gammaproteobacteria Enterobacteriales Enteroba
Beta4 Betaproteobacteria Burkholderiales Comamo
SX22 Alpha174 Alphaproteobacteria Rhodobacterales Rhodoba
Beta1 Betaproteobacteria Burkholderiales Burkhold
Alpha214 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha152 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha89 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha213 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha116 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha143 Alphaproteobacteria Rhodobacterales Rhodoba
Bactero1 Flavobacteria Flavobacteriales Flavobac
SX27 Beta12 Betaproteobacteria Burkholderiales Oxalobac
Alpha152 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha110 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha143 Alphaproteobacteria Rhodobacterales Rhodoba
Actino5 Actinobacteria Actinomycetales Microba
Alpha141 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha116 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha195 Alphaproteobacteria Rhodobacterales Rhodoba
Actino53 Actinobacteria Actinomycetales Microba
Alpha85 Alphaproteobacteria Sphingomonadales Sphingom
Actino7 Actinobacteria Actinomycetales Microba
Alpha96 Alphaproteobacteria Rhodobacterales Rhodoba
Gamma19 Gammaproteobacteria Pseudomonadales Moraxel
Gamma2 Gammaproteobacteria Enterobacteriales Enteroba
Beta8 Betaproteobacteria Burkholderiales
Alpha214 Alphaproteobacteria Rhodobacterales Rhodoba
Beta6 Betaproteobacteria Burkholderiales
Gamma1 Gammaproteobacteria Enterobacteriales Enteroba
Alpha73 Alphaproteobacteria Rhodobacterales Rhodoba
Actino30 Actinobacteria Actinomycetales Dietziace
Alpha89 Alphaproteobacteria Rhodobacterales Rhodoba
Alpha94 Alphaproteobacteria Rhodobacterales Rhodoba
Gamma12 Gammaproteobacteria
a Number of reads normalized to themaximumnumber of total reads among 8 samples (tota
to 25,433 (see Table 1). The maximum number, 25,433 was used for the normalization. The nuunknown what causes such discrepancy of the abundance between the
total and the active fractions. One of the possible explanations is that
highly selective pressure of protozoan grazing or viral lysis suppresses
the increase of some particular bacterial populations even if they grow
faster than other populations.Wilhelm et al. (2014) found a large number
of rare taxa with higher relative abundances in rRNA compared with
rDNA, suggesting that rare taxa contribute disproportionately to microbi-
al community dynamics in glacier-fed streams. Under the limited supply
and large ﬂuctuation of DOC in glacier-fed streams, superior competitors
for resources may grow actively, while others may switch to transient
dormancy. Such dynamic change of environmental factors leads to high
community turnover, where microbial taxa repeatedly enter and leave
the ‘seed bank’ (Wilhelm et al., 2014).
An ordination plot by the principal component analysis (PCA) pre-
sented that bacterial community compositions among four sampling lo-
cations and between total and active fractions were distinctive with
each other. Nonparametric (permutation) ANOVA using PERMANOVA
(adonis function in ‘vegan’ package) showed statistically signiﬁcant
difference in community composition between total and activeNumber
of reads
normalizeda
Proportion of total
reads
Genus Total Active Total (%) Active (%)
ceae 0 71 0 0.33
cteriaceae 2 37 0.0075 0.17
bacteriaceae Propionibacterium 3 30 0.015 0.14
0 27 0 0.12
laceae Acinetobacter 2 25 0.0075 0.12
0 22 0 0.10
1 40 0.0046 0.18
cteraceae 3 33 0.014 0.15
cteriaceae 2 32 0.0092 0.15
cteraceae Sulﬁtobacter 1 29 0.0046 0.13
cteriaceae 0 25 0 0.12
cteriaceae 0 23 0 0.11
nadaceae Diaphorobacter 0 22 0 0.10
cteraceae 3 321 0.014 1.5
eriaceae Ralstonia 1 112 0.0046 0.51
cteraceae 3 112 0.014 0.51
cteraceae 2 105 0.0091 0.48
cteraceae Sulﬁtobacter 2 92 0.0091 0.42
cteraceae Stappia 0 37 0 0.17
cteraceae 0 36 0 0.16
cteraceae Paracoccus 3 27 0.014 0.12
teriaceae 3 24 0.014 0.11
teraceae Massilia 0 1107 0 5.1
cteraceae 3 651 0.014 3.0
cteraceae 0 197 0 0.90
cteraceae Paracoccus 1 164 0.0048 0.75
cteriaceae Microbacterium 0 148 0 0.67
cteraceae 0 78 0 0.36
cteraceae 2 77 0.010 0.35
cteraceae 1 75 0.0048 0.34
cteriaceae Microbacterium 0 64 0 0.29
onadaceae Sphingomonas 1 60 0.005 0.27
cteriaceae 0 58 0 0.27
cteraceae 3 55 0.014 0.25
laceae Acinetobacter 3 46 0.014 0.21
cteriaceae 0 44 0 0.20
0 42 0 0.19
cteraceae 0 40 0 0.18
2 40 0 0.18
cteriaceae 0 33 0 0.15
cteraceae 1 33 0.005 0.15
ae Dietzia 0 31 0 0.14
cteraceae Sulﬁtobacter 3 27 0.014 0.12
cteraceae Sulﬁtobacter 0 26 0 0.12
0 26 0 0.12
l and active fractions of 4 sampling stations). The number of total reads ranged from12,677
mber of reads of each taxa was multiplied by the ratio of 25,433/total read.
Fig. 4. Ordination plot of bacterial community structures by principal component analysis
with taxonomic names of some representative OTUs characterizing each sample.
654 K. Hamasaki et al. / Gene 576 (2016) 650–656communities and also between different sites (Fig. 3). This result agreed
well with our previousworks that showeddistinctive community struc-
tures between total and active communities and the spatial shift of their
community structures in both coastal and oceanic waters (Hamasaki
et al., 2007; Taniguchi and Hamasaki, 2008). These works performed
by using the PCR-DGGE method only showed the differences in abun-
dant taxa of the communities. Even, rare taxa better separated the sam-
pling sites between surface and deep water by their community
compositions in the Arctic Ocean than the abundant taxa did (Galand
et al., 2009). Hence, to include rare taxa might emphasize the differ-
ences between total and active community structures. The PCA ordina-
tion also illustrated some representativeOTUs showing high abundance
at one or two particular sampling sites (Fig. 4). For example, the most
abundant and active OTU at the SX11 in the Southern Ocean was iden-
tiﬁed as Loktanella sp. of the class Alphaproteobacteria, comprising 26%
of total reads in the total fraction and 57% in the active fraction. Interest-
ingly, this OTU was also present at the next SX14 site representing
much less abundance than the SX11 (0.12% in the active fraction and
0.018% in the total fraction) and absent from the other two sites. Previ-
ous comparison of bacterial community structures between polar sam-
ples and lower latitude samples represented that Loktanella-afﬁliated
OTU was ~5% in relative abundance in the polar samples but less than
0.01% in the lower latitude samples (Ghiglione et al. 2012). Also, one
Flavobacteriaceae bacterium (Bactero1) was the most abundant (13%
in the total fraction) and highly active (16% in the active fraction) taxa
at the SX14, however its abundance was largely decreased at the
other sites. TheseOTUs obviously adapted to grow in eachparticular en-
vironment. Dynamic change in growth and abundance of these repre-
sentative taxa characterized bacterial community structures along the
north–south environmental gradient. Campbell and Kirchman (2013)
showed that the growth potential as indicated by the ratios of relative
abundance in 16S rRNA and 16S rDNA of some typically marine taxa
reﬂected differences in light, nutrient concentrations and other envi-
ronmental factors along the estuarine gradient.
We performed redundancy analysis and revealed that the variability
of community compositions signiﬁcantly correlated to seawater tem-
perature and dissolved oxygen concentration (Fig. 5). Since the oxygen
solubility inwater is the function of temperature, seawater temperatureFig. 3.Ordination plot of bacterial community structures by principal component analysis.
An abundance of eachOTU and its variability among sampling stations and fractions (total
and active) are used for analysis. The signiﬁcance of the explanatory variables in
PERMANOVAwas testedusing a permutation test (999permutations); both difference be-
tween active and total (P = 0.028) and those between sites (P = 0.011) are signiﬁcant.may be a primary environmental factor to determine the community
compositions found in this study. Temperature is one of the important
environmental factors to determine seasonal ﬂuctuation of some bacte-
rial taxa in a temperate region (Gilbert et al., 2012).
High dispersal rate of bacteria allows rapid immigration of distant
populations into local communities and probably contributes to main-
tain diverse rare taxa under suboptimal conditions. It can be speculated
that rapid growth of raremicrobes in response to the change of environ-
mental conditions leads to a temporal shift of local community struc-
tures. The balance between immigration and growth (or extinction) of
bacteria can determine local community structures under particular en-
vironmental conditions and control their ecological functioning
(Martiny et al., 2006; Miki et al., 2008). Since immigration rates mightFig. 5. Ordination plot of bacterial community structures and correlated environmental
factors indicated by redundancy analysis. Both water temperature and oxygen concentra-
tion were selected as signiﬁcant parameters (P b 0.01).
Fig. 6. Variation partitioning analysis of the relationship between community composi-
tions and potential explanatory variables.
655K. Hamasaki et al. / Gene 576 (2016) 650–656be a function of distance between local communities, we analyzed the
correlation between the variability of community composition and the
distance of sampling locations. Variation partitioning analysis was
used (Peres-Neto et al., 2006) to evaluate relative contribution of signif-
icant environmental factors (temperature and oxygen concentration in
this case), geographic distance, and difference between active or total
fractions to community composition. It was showed that the environ-
mental factors explained 49% (“environments only”+ “environment +
space” in the Fig. 6) of the variability of community compositions and
the distance (“space only” in the Fig. 6) only explained 4.0% of its vari-
ability. Also, difference in fraction whether active or total explained
17% of its variation but large proportion of the variance (45%) remained
to be unexplained, suggesting the presence of unknown environmental
factors that were not analyzed but could affect community structures. It
was speculated thatmicrobes shouldwidely disperse in the ocean, how-
ever under largely different environmental conditions their rapid
growth in response to the change of environments quickly ﬁlters
some type of microbes and leads to distinctive community structures
even in rare biosphere. Large proportion of active populations in rare
taxa and signiﬁcant difference between total and active communities
implied very dynamic change of community structures due to environ-
mental ﬁltering.
Since microbes mediates major biogeochemical cycles in the ocean,
microbial diversity is fundamental to understand the nature of ocean
ecosystems and its response to anthropogenic forcing. Our study re-
vealed unseen active populations still hiding back in bacterial commu-
nities in the ocean. They are too rare to be detectable by conventional
molecular techniques and sometimes even by 454 massive sequencing
efforts but obviously very active and maybe dynamic in changing their
activities. The active bacterial populations are more diverse and spread
further in rare biosphere than we have ever seen. The rare microbes
seem to be important not only as a gene repertory for maintaining
ecosystem's functional redundancy but also an active part of microbial
communities for functioning the ecosystem. In a future study, further
sequencing depth should be required to describe a whole picture of ac-
tive but rare taxa in the ocean.Acknowledgments
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